We report the controlled growth of highly ordered and well aligned one-dimensional tellurium nanostructure arrays via a one-step catalyst-free physical vapor deposition method. The density, size and fine structures of tellurium nanowires are systematically studied and optimized. Field emission measurement was performed to display notable dependence on nanostructure morphologies. The ordered nanowire array based field emitter has a turn-on field as low as 3.27 V µm −1 and a higher field enhancement factor of 3270. Our finding offers the possibility of controlling the growth of tellurium nanowire arrays and opens up new means for their potential applications in electronic devices and displays.
Introduction
To satisfy the forecast demand for many possible application of one-dimensional (1D) nanomaterials, well aligned arrays of nanostructures continue to attract extensive attention. Considerable efforts have been made with respect to a solid understanding of the growth mechanism for controlled synthesis of nanowires and nanorods, which is a necessary step in realizing the so-called bottom-up strategy in nanotechnology [1] . The high surface to volume ratio and special geometry are essential strategies to accentuate the anisotropy and satisfy the design demand of electronic, optoelectronic and electromechanical nanodevices [2] . So far, novel field emitters, lasers diodes, solar cells, photo-detectors, field-effect transistors, sensors and piezo-nanogenerators 4 These authors contributed equally to the work. made from various well aligned semiconductor nanostructures have been reported [3] [4] [5] [6] .
Up to the present time, well controlled growth of 1D semiconductor nanostructures have been attained via certain metal seeded particles. In comparison, direct growth of an array without a catalyst is more impressive due to its ease of processing as well as the metal-free environment, since potential incorporation of deep levels from metal catalysts such as Au used in vapor-liquid-solid (VLS) growth is a big concern [7] . On the other hand, the growth scheme greatly influences the shape and sharpness of the nanowire tip, which is a key factor for some applications such as field emission devices and displays.
In the last few decades, field emission from well aligned 1D nanostructure arrays with nanometer-scale sharp tips has been in growing demand for fundamental research and technical applications [8] . It was determined that the one of field emission parameters, 'field enhancement factor', is strongly linked with the shape and morphology of the emitter [9] . The other important and intrinsic parameter is the work function of emitter material, which can also be modified by the shape of materials because confined electrons near the surface edge become concentrated and more localized. The sharpness of the nanostructure tip may be different; for instance, round closed tips, blunt ends or conical tips which can dramatically reduce the strength of the turn-on electric fields by several orders of magnitude due to the local field enhancement at these tips [10, 11] . Thus, the relationship between the nature of a nanostructure and its field emission properties has been a focus of field emission device research. Currently it is highly desirable to synthesize novel nanomaterials for designing new field emission devices with a low turn-on field and better field emission current stability in industrial vacuum conditions. To date, CdSe, Ge, GaN, ZnO, TiO 2 , InAs and InP nanowires and nanorod arrays have been obtained via chemical or physical routes in controlled ways [1, 2, 8, 10, [12] [13] [14] . Despite great advances in epitaxial growth, an array of Te semiconductor nanowires and nanorods has not been demonstrated, including catalyst-free Te nanowires for field emission applications.
Tellurium is a narrow band gap (E g = 0.34 eV), p-type elemental semiconductor with excellent potential applications such as in photoconductive, thermoelectric, catalytic, piezoelectric, chemical sensing and field emission devices [15] [16] [17] . Te nanostructures are also used as a template to synthesize different telluride based semiconductors [18] [19] [20] . Although there have been some reports on the growth mechanism of Te nanostructures [21] [22] [23] [24] , vertical, catalyst-free and epitaxial growth and re-growth mechanism of nanowires have not been reported due to the difficulties in controlling the synthesis. Such well aligned and site controlled nanowires are crucial to enhance field emission properties [10] . In this study, we present for the first time a variety of well controlled, catalyst-free growth arrays of Te nanowires and nanorods. A vapor solid (VS) growth mechanism is proposed. The aspect ratio of nanowires with their fine tip morphology can be well tuned by certain key growth parameters. The well aligned and site controlled growth variety of 1D Te nanostructure and their tip sharpness will provide a window to grasp the relationship between morphologies and field emission properties and opens up new means for its potential applications in electronic devices and displays.
Experimental detail
Synthesis of Te structures was carried out in a horizontal tube furnace. All samples were grown on Si(111) substrate without patterning or catalyst on it. In the tube, an alumina boat with Te powder (Alfa Aesar, 99.99% purity) was placed in the center of the heating zone, and the Si substrates were placed downstream at the end of the heating zone. The location of substrates for controlled growth was determined by repeating the experiments. Before heating, an Ar flow was introduced into the system at a rate of 100 sccm for 30 min and the system was flushed to eliminate O 2 inside the tube. The temperature in the center of the tube was elevated to 700 or 800 • C at a rate of 15 • C min −1 . Typical 1D Te nanostructure arrays were obtained by one-step growth conditions in a single zone, horizontal tube furnace under a gas flow rate of 25 sccm of high purity Ar and H 2 . The substrate temperature was maintained between 300 and 450 • C for 60-70 min growth time. Nanowire and nanorod arrays of various morphologies were obtained when source temperature was kept between 700 • C and 800 • C.
The as-synthesized structures were systematically characterized by field emission scanning electron microscopy (FESEM) S4800 (Tokyo, Japan), transmission electron microscopy (TEM; Tecnai F20), energy dispersive x-ray spectroscopy (EDS) and x-ray diffraction (XRD) by a Philips X'Pert Pro. Super x-ray diffraction(XRD with Cu Ka radiation) at room temperature and a Raman study of phase, also at room temperature, was carried out with an InVo-RENISHAW system using a 533 nm laser. Field emission measurements were conducted under the two-parallel-plate configuration in a vacuum chamber with a base pressure better than 6 × 10 −7 Pa and a Keithley 6430 pico-ammeter was used to measure the emission current.
Result and discussion
The tellurium nanostructure morphologies fabricated at a of source temperature of 700 • C are shown in the FESEM images (figures 1(a)-(f)). Selected XRD patterns and Raman spectra taken from Te nanostructures are presented in figure 3. In figure 3(a) , all x-ray diffraction peaks are well indexed and confirm Te nanostructures without impurities. The Te nanostructures have a fine crystalline hexagonal phase with calculated lattice parameters a = 4.46Å and c = 5.92Å (JCPDS #36-1452). Strong reflection peaks (h00) and weak reflection peaks (l10) and (k10) are observed, which is further evidence of Te crystal growth along [001] . For further study of the Te nanostructures, a Raman scattering spectrum was taken at room temperature, which is shown in figure 3(b) . The observed vibration peaks at 96, 122, 141 and 168 cm −1 agree very well with the literature [17] . These symmetric, sharp and broad Raman spectra peaks of Te are consistent with XRD and HRTEM results and suggest that Te nanowires are highly crystalline without impurities.
To rationalize the growth mechanism of vertically aligned 1D Te nanostructures, a number of growth factors were observed. To the best of our knowledge, this is the first report of well aligned regular vertical growth of 1D Te nanostructures. Te pyramids were first grown during primary growth when Te vapor evaporated from the source region and condensed on the Si substrate. The islands of Te nuclei actually form basic pyramid crystals which facilitate the growth of the subsequent nanostructures. The growth of pyramids is kinetically favored and faster along the (001) direction and slower along the (010) and (100) faces of the Te crystal planes. The anisotropic growth of Te is consistent with the Bravais-Friedel law that high index crystal planes with small interplanar spacing grow faster than low index planes [25] . The repetition of nucleation and anisotropic growth on the c-face of a pre-grown Te pyramid under different supersaturating, flux, temperature and kinetics generates final morphologies of Te nanostructures as shown in figure 1 .
The coarseness and physical presence of hexagonal layers in the Te structures is shown in figure 4 . This appearance is due to some barrier effects on the anisotropic cycle of homo-epitaxial growth as described schematically in figure 4 . It is observed that pyramid layers gradually increase with time, and micro-column formed pyramids in each step of micro-column growth can be seen in the FESEM images figures 4(a)-(c). It is believed that nucleation of a second pyramid is activated before the full growth of the previous one, provided that the c-face has grown larger than the critical island size for nucleation. This process is called the Ehrlich-Schwoebel (ES) barrier effect, as adspecies on the nucleated island experience a barrier to diffusion over the island edges, then the next atomic layer nucleates before the completion of previous one [25] [26] [27] . Te growth under the influence of the ES barrier effect with different growth times is presented in figures 4(a)-(c) .
The schematic growth mechanism in figure 4(e) describes the formation of Te structures, islands grow by continuous addition of atoms to the slope, leaving behind a new section of c-face at the top of the island. When the area of this c-face becomes larger than the critical size for island nucleation, a new island nucleates and the process is repeated. The homo-epitaxial growth of the column is convincing evidence that the c-plane (top of the pyramid) is the active site for growth of the subsequent nanostructure. The obvious appearance of a pyramid at the top of micro-column before the secondary growth of Te nanowires is evidence of multilayer growth and the ES barrier effect [26] . It is worth noting that a stage came when growth ceased or paused due to a number of factors, such as degree of supersaturation, decrease in the growth temperature or shortage of growth time etc.
One can furthermore see the re-growth behavior of subsequent Te nanostructures on pre-existing homo-structures as secondary growth shown in figure 4(e) . On the top of micro-column, secondary growth begins and Te nanowires grow out at the c-plane of the pre-existing pyramid by orientation adhesion. Homo-epitaxial growth is free from grain boundaries and gained lower total system energy, therefore finding a suitable thermodynamic equilibrium state; Te nanowires show epitaxial growth out of existing micro-columns to reduce the system energy. The primary growth of micro-columns is accomplished at 350-400 • C, and a certain change in the degree of supersaturation and temperatures causes a pause in growth. Even this low degree of supersaturation is enough to start secondary growth. Therefore, once again, nucleation occurs and islands of Te emerge from the pyramid and give rise to the formation of nanowires as shown in figure 4(e) . However, the atomic layer completes before the next one nucleates in the absence of an ES barrier, so that the growth of the nanowire is layer by layer without the physical appearance of a pyramid hexagon. The number of nanowires on the micro-column is proportional to the available c-plane area at the top, and pyramid islands during secondary growth as one-and three-nanowire assisted micro-columns are presented in figure 4(d) . According to available c-plane area of the micro-column one, two, three, four or multiple Te nanowires growth can occur, as shown in figures 1(b) and (d).
Well patterned, well aligned Te structures germinate with high availability of Te source at a lower growth temperature and a growth time of 70 min. The obtained micro-columns during primary growth have wide c-plane area (about 2 µm) which further invites secondary growth. Meanwhile, secondary growth populates well aligned and well pattern nanowire arrays on the top of the micro-columns as seen in figure 1(e) . One can surmise the dominant pyramidal pattern of growth from the conical tip of these nanowires.
One can further notice that hexagonal Te nanorod and cone type nanowire arrays at 800 • C grow up without distinctive the physical appearance of hexagonal layers as shown in figures 1(g)-(j) . The sloping top of the nanorods is an indication of a generated c-face to favor the new island as well as frequent nucleation. The cone type structure is also a clue to the partial presence of an ES barrier, which makes finite changes with every nucleation and island growth cycle and causes thinner nanowires at the top, as shown in figure 4 (e).
The study indicates that growth of Te nanostructures strongly depends upon the source and substrate temperatures.
On the other hand, carrier gas flow also plays a vital role in the growth mechanism. We present Te nanostructures obtained at a gas flow rate of 25 sccm. It was observed that nanostructures obtained at lower carrier gas flows were not only horizontally grown nanostructures but were also present on the substrate at a lower density, as shown in supporting information figure S1 (available at stacks.iop.org/Nano/24/ 185705/mmedia). When we doubled the carrier gas flow rate, the size of the product increased; an image of the Te microrod array obtained is shown in supporting information figure  S2 (available at stacks.iop.org/Nano/24/185705/mmedia). In addition, we believe that growth rate of nanostructures is also sensitive to Te partial pressure. Strong dependence of morphology and nanostructure size was noticed with rapid increase or decrease of precursor evaporation temperature, source amount and carrier gas flow rate in the reactor.
One-dimensional semiconductor nanostructure arrays with a sharp tip often possess superfield emission properties due to their favorable geometry [10, 28, 29] . In this context, a comparative morphology dependent field emission study was pursued on five different Te nanostructure arrays, as shown in figure 1 , under exactly the same conditions. The field emission study showed that well aligned and ordered Te nanostructure with sharp tips possess an excellent local field enhancement factor that boosts electron tunneling in a vacuum. This indicates that Te nanowire arrays have potentially excellent applications in field emitters.
A morphology dependent field emission measurement in a vacuum chamber was performed at a base pressure of 10 −7 Pa under the two parallel plates configuration. To de-gas and remove contamination, 1.5 kV was applied for 30 min then a sweep voltage was applied to supply an electric field (E). The current emission was measured by a Keithley 6430 pico-ammeter. Figure 5 (a) depicts the emission current density (J, defined as emission current per substrate area) of the nanowire and nanorod arrays as a function of electric field (E), clearly indicating the exponential increase of J in the J-E plot. The nanowire array with a conical apex and sharp tip, as shown in figure 1(e) , exhibits the best field emission property with very low turn-on field E to (here, we define the turn-on field (E to ) where the current emission density equals 1.0 µA cm −2 ), as shown in the J-E plot curve (1) of figure 5(a) . The J-E plot of curve (1) shows pronounced enhancement of the electron field emission, producing a current of 1 µA cm −2 for an electric field of only 3.27 V µm −1 . The nanowire micro-column base may additionally minimize the risk of reaching excessive temperatures during the emission, which is considered to be a cause of nanostructure breakdown [20] . We observed that this turn-on field is better than a number of semiconductor nanostructure array field emitters such as vertically aligned ZnO, SnO 2 , GeSe, Bi 2 Se 3 , CuS, CdS, CrS, ZnS and CdSe [14, [30] [31] [32] [33] [34] [35] [36] . Meanwhile, an array of cone type nanowires with round and sharp tips as shown in figure 1(g) gives an emission of current 1 µA cm −2 at an applied field of 3.71 V µm −1 , as shown in the J-E plot curve (2) . The other Te nanostructure J-E plots of well aligned single nanowire assisted column (c), multi-wire assisted column (d), and hexagonal nanorod array (f) exhibit turn-on fields at voltages of 6.67 V µm −1 , 7.56 V µm −1 and 9.8 V µm −1 , respectively, as shown in the J-E plots (3), (4) and (5) in figure 5(a) .
A maximum in the current emission density with applied voltage is observed for Te nanostructures at 47.53 µA current emission marked with applied voltages 5.01 V µm −1 in the J-E plot curve (1).
The turn-on field of Te nanostructures is not similar, which illustrates the critical role played by different morphologies and nanowires tip geometries. The samples have different nanowire lengths, sharpness, tip radius and inter-nanowire distance, and thus different field emissions. The lower turn-on field of vertical, well organized Te nanowires is due to their conical shaped tips with small angle, smallest diameter at the top and optimal inter-wire distance, which result in a geometrical enhancement factor (β). The cone type nanowire array has longer length, sharp tip and a high aspect ratio with a low turn-on field of 3.71 V µm −1 , which is higher than micro-column assisted nanowires and nanorods. The micro-column assisted nanowire array has flat round tips, not sharp nor conical, which causes a difference in the turn-on field. Single nanowire assisted and multi-nanowire assisted micro-columns as shown in figures 1(a) and (c) have almost same morphology, tip apex angle and aspect ratio but single nanowire assisted column arrays have a higher turn-on field as presented in J-E plot 3 and 4 of figure 5(a). We believe the reason is an electrostatic screening effect due to the distance of adjacent nanowires, as shown in figures 1(c) and (d). The J-E plot curve (5) shows relatively poor field emission from hexagonal nanorods, due to their broader tip diameter as compared to other Te morphologies.
To further analyze the field emission characteristic of one dimensional tellurium nanostructure arrays, the Fowler-Nordheim (FN) equation is applied. This equation expresses the exponential dependence of field emission current density (J) on the applied field (E) as given below:
where J is the current density, E is the applied field, A and B are constants with values of 1.56 × 10 −10 A V −2 eV and 6.83 × 10 3 V eV −3/2 µm −1 , respectively, β is the field enhancement factor and is the work function of the electron emitter, which is estimated for Te to be 4.95 eV [37] . The corresponding linear variation of FN [ln(J/E 2 ) − 1/E] plot of Te nanostructure arrays in figure 5(b) , implies that their electron emission follows FN behavior. The linearity of the FN plot indicates that the field emission current commences only from barrier tunneling electrons, extracted by the electric field, as semiconducting behavior [8] . The calculated field enhancement factors β of vertical well organized Te nanowires as presented in curve (1) of figure 5(a) is 3270. The FN plot calculated β for the other samples are 2785, 1446, 479 and 508 with respective to J-E curves (2)-(5) figure 5(a) . The decreasing value of β is consistent with tip structures. The comparable field enhancement factor and admirable field emission of the nanowire array in figure 1(e) are due to their well organized growth with excellent alignment, suitable density and small-radius nano-scaled sharp tip. The nanowire tips make for easy emission, as tunneling electrons through the surface are directly proportional to discharge spots. The lower turn-on field (3.27 V µm −1 ) obtained from th well aligned Te nanowire array is comparable to that reported for a number of semiconductors [30] [31] [32] [33] [34] [35] .
The field emission stability of the emitter is of crucial importance for potential applications. We tested two of the best Te field emitter nanostructures-well aligned Te nanowires with conical tips and the cone type nanowire array as shown in figures 1(c) and (g)-for 2 h at fixed applied electric fields of 3.5 and 4.2 V µm −2 , respectively, under 1.2×10 −7 Pa pressure. The emission current fluctuation is not significant, and subsequently there was no degradation during this period as shown in figure 5(c) .This capability of nanowire arrays demonstrates that Te could serve as a cold cathode in electron emission devices, field emission displays and vacuum microelectronic devices.
Conclusion
In summary, our experiments have demonstrated well controlled, aligned and novel fabrication of 1D single crystalline tellurium nanostructure arrays via a PVD method without a catalyst. Preferably epitaxial growth and re-growth behavior of different Te morphologies along the c-plane is determined with a vapor solid growth (VS) mechanism at 300-450 • C deposition temperature. By controlling the supersaturation, temperature and source-substrate distance obvious sharp tip nanowire arrays are investigated. Hexagonal pyramid islands on the c-plane, the appearance of hexagonal layers in Te micro-columns and their absence in nanowires and the formation of sharp tips were attributed to the Ehrlich-Schwoebel barrier effect in homo-epitaxial growth. The alignment, aspect ratio and tip shape of the Te nanowires has a significant influence on the field emission properties. The vertical and highly aligned Te nanowires with conical shape and sharp apex tip leads to a low turn-on field of 3.27 V µm −2 which is associated with the absence of an electrostatic screening effect and efficient tunneling of electrons at the tip. It should therefore be expected to realize field emission of Te nanostructure arrays for future application in flat panel displays, high brightness electron sources and nanolasers.
